Design of a (nonlinear) controller assumes the existence of some form of Model. In this section we consider the derivation of these models.
System Description
what we know about the system. Boundary Conditions. Assumptions about the system (behaviour, environment) 2. Inputs, Outputs, Parameters, States
Here we define which aspects of the system are measurable, which have a significant effect -What can we set, what can we measure, which do not change over time. Implicitly we also define the time-scale of interest (micro-seconds to decades), and whether the system is a discrete-time process, continuous time, or a hybrid of both.
Purpose of the Model
What information do we want to represent and extract from the system.
Example:
Consider the various ways of modeling a blade in a heavy duty gas turbine: · Point of View: Gas Dynamics, timescale seconds: The blade is constant, a boundary condition, possibly the source or sind or heat
System
Inputs Outputs
Model u(t) y(t)
· Point of View Blade Metal characteristics, timescale hours, e.g. Gas Turbine Startup: Blade heats up as the GT comes into operation (1st order system). The blade also lengthens as a function of the temperature
· Point of View Blade Metal characteristics, timescale: months to years: the blade will experience multiple start-ups (hysterisis effects due to lengthening & shortening), this is called creep, and also cracks may appear and grow due to the thermal and entripetal forces acting on the blade.
Usually we are interested in a model which we can then simulate.
Simulation: The model is encoded on a computer (or other "controllable platform"). The inputs are used to generate the output signals, which then deliver the desired information.
Examples:
Power Network (static) simulation Dynamic response of an industrial process CFD model of gas flow around an object.
In this case it is essential to properly specify the simulation model and environment -in order to get the desired information out of the model.
Example: Modeling of a Gas Compressor
In this case the task was motivated by an actual problem. During commissioning of a power plant it was discovered that oscillations occurred in the gas pressure between the fuel gas compressor (which compressed natural gas from a low pressure pipeline) and the fuel gas distribution system on a heavy duty gas turbine. The aim was to create a model that could run in real time, and was of sufficient detail to recreate the dynamics of the system. The model had to be able to account for the mixing of different gases from different pipelines.
System Description: The boundary conditions were clear: Inlet from various gas pipelines, the connection to the gas turbine fuel distribution system, and then the signal interface to the power plant control system -start, stop, and fuel supply (mass flow) or pressure set-points. the control system -closed loop and safety systems would have to be modeled, and the operation from 0 to 20 kg/s gas would have to be simulated.
The system was to be modeled in MATLAB so that it could be integrated with existing models of the fuel gas distribution system.
Design the model was divided into various components according to the type of model, and the data available about the system components so as to allow easy extension or modification of the model at a later date. · Gas Flow components: Pressure drop, Pipeline, Pipe Junctions. These were modeled first according to first principles, and then as lumped parameter systems · Compressor: Grey Box Empirical model. The effects of varying gas temperatures and pressures at the inlet and outlet were converted to a single characteristic which was then approximated from the compressor characteristics by a least-squares model fit · Compressor Control system: Where the control code was available, it was implemented in MATLAB. Where it was not known, the control function was approximated from literature regarding the control system (data sheets, publications and patents).
Testing · For each component a test simulation environment was created that verified that the simulation reproduced the specified behaviour. · After a lengthy integration period where the modules were connected and tested (often uncovering modeling errors and necessitating re-modeling), a test environment was produced which demonstrated that the model worked in various modes of operation
Application
The final test environment was used to determine the characteristic behaviour of the system. This was combined with the gas turbine model. It was determined that a change in the tuning of the compressor closed loop control would damp the oscillations, which occurred due to the long intermediate pipeline between the compressor station and the fuel distribution system.
Gas Compressor Component Modeling

Pipelines
Equations based on physical properties:
Gas eqn
Note that this is a set of partial differential equations in time and space. The states are Temperature, Pressure and mass flow:
In order to simplify the system, we spatially discretize the system with respect to x.
With the pipe length l, the spatial derivatives are approximated by
Higher order approximations were also tested (MAPLE). However it was determined that the main system dynamics are represented by a first order approximation.
Further testing showed that the mass flow dynamics are much faster than the other dynamics, and can be approximated by the static equation:
The resulting second order model was encoded as a block in MATLAB in C.
Gas Compressor
The compressor data consisted of a series of graphs showing the relationship between the pressure difference across the compressor and the mass flow. The various graphs are for different gas mixes and inlet conditions.
The aim of the model is to determine the mass flow and output temperature from the inlet conditions and the output pressure. The rest had to be determined via mix of empirical and physical modeling
The final algorithm was: 1. Calculate R, the gas constant, based on gas composition 2. Correct R for inlet pressure and temperature.
3. Correct the discharge pressure for speed 4. Calculate the Enthalpy difference across the compressor (Enthalpy: The heat constant, i.e. the work that may be extracted from the gas under constant pressure) 5. Calculate the volume flow 6. Correct for the inlet temperature 7. Correct for the compressor speed 8. Calculate the mass flow 9. Calculate the output temperature In this algorithm, the steps with "Calculate" were first-principles, static relations. "Correct" steps were empirical adjustments based on compressor characteristic curves made available by the manufacturer.
In contrast with many models available in the literature, this is a static model. The difference being that the dynamics are necessary to model the onset of surge. In this model, surge was assumed to be always avoided by timely intervention by the protection system. This static model was accurate over a much wider range of inlet conditions and gas conditions than the dynamic models available.
Black-Box Models and System Identification
In some cases a physical or grey-box model is not feasible, for example due to incomplete knowledge about the physics of the system, missing dimensional or other data, … In such cases a block-box model is used. A standard reference is L.Ljung "System Identification, Theory for the User".
In the rest of this section we consider linear black box models -that is models which are based on the assumption that the underlying system is linear, and that the system behaviour may be represented by a linear time invariant model. More generally, nonlinear models must be considered. This is the domain of statistical learning, regression modeling, and neural networks. The latter is covered in a following section.
Basic Model is an ARX model (Auto Regressive eXogenous input)
If the data is perfect, then it is straight-forward to estimate this by least-squares. Once the order of the filter n and m are known, it is possible to determine the coefficients, and a model of the system is provided, in the sense that given the input sequence, the output sequence may be generated:
The parameter q is then chosen to minimize the least squares error. In general an ARX model is insufficient. We need to account for measurement noise and more complex models. According to Ljung, the general system looks like:
Where q is the delay operator, A,B,C,D,F are polynomials whose parameters are to be determined, and y is the output, u the input and e the unknown disturbance -which is normally modeled as white noise.
The derivation of the identification algorithms is beyond the scope of this course. Ultimately, the model is used to create a 1-step ahead prediction, which is calculated at every point in time. The difference between the prediction and the actual measured value ) / ( ) ( q t y t yis called the innovations sequence, and is used as an input to the algorithm determining the correction to the current parameter values. This is often called the predictor-corrector type of algorithm.
There are many system identification algorithms, later in the course we will introduce the Extended Kalman Filter. Other identification algorithms include: Recursive Prediction Error, Subspace-Methods, among others. The reader is referred to Ljung, and the extensive literature available on the subject.
Ultimately the process of performing modeling, identification of parameters, and testing may be itself modeled as a process:
